ABSTRACT: Two-dimensional electronic spectroscopy (2DES) elucidates electronic structure and dynamics on a femtosecond time scale and has proven to be an incisive tool for probing congested linear spectra of biological systems. However, samples that scatter light intensely frustrate 2DES analysis, necessitating the use of isolated protein chromophore complexes when studying photosynthetic energy transfer processes. We present a method for conducting 2DES experiments that takes only seconds to acquire thousands of 2DES spectra and permits analysis of highly scattering samples, specifically whole cells of the purple bacterium Rhodobacter sphaeroides. These in vivo 2DES experiments reveal similar time scales for energy transfer within the antennae complex (light harvesting complex 2, LH2) both in the native photosynthetic membrane environment and in isolated detergent micelles.
D ynamics in photosynthesis span many orders of magnitude in time and space. Following absorption of a photon, energy migrates from the antennae complex, where the majority of solar photons are absorbed, to the reaction center, where charge separation ensues. These initial energy transfer events occur on time scales ranging from hundreds of femtoseconds to several picoseconds and occur with near unity quantum efficiency under low light conditions. 1−3 Twodimensional electronic spectroscopy (2DES) can interrogate these initial events in photosynthesis. 2DES produces twodimensional maps that reveal energetic coupling, energy transfer, and solute−solvent dynamics on a femtosecond time scale. 4−6 A 2DES experiment demands stability in the laser and laboratory conditions throughout data acquisition, which often takes minutes or hours to complete. 2DES also requires a robust sample that produces little scatter and will not degrade during the course of the experiment. However, recently developed lock-in detection schemes for 2DES have mitigated the low scatter restriction. 7, 8 Previous work has produced the gradient assisted photon echo spectroscopy (GRAPES) apparatus, which is capable of taking a complete 2DES spectrum on each shot of the laser. 9−11 Coupling this capability with advances in CMOS detectors, we have built an Ultrafast Video Acquisition GRAPES (UVA GRAPES) apparatus, which can acquire 8192 complete 2DES spectra in less than 3.5 s, limited only by the 5 kHz repetition rate of the laser. By filtering in conjugate Fourier domains and fast background subtraction, the technique is relatively immune to scattered light. Thus, UVA GRAPES reduces two experimental difficulties associated with 2DES: long-term stability and signal contamination from scattered photons. These advances allow us to conduct a 2DES experiment in living cells of the purple bacterium Rhodobacter sphaeroides. We use this technique to monitor energy transfer in the light harvesting complex two (LH2), the dominant antennae complex of Rhodobacter sphaeroides.
12,13
In vivo LH2 is embedded in the plasma membrane and is adjacent to another protein chromophore antennae complex in Rhodobacter sphaeroides, light harvesting complex 1 (LH1). 14 During photosynthetic light harvesting, energy is absorbed by LH2 and passed to LH1 and subsequently to the reaction center.
3,15 LH2 has two characteristic rings of bacteriochlorophyll a known as the B850 and the B800 bands, named for their strong absorption peaks at 850 and 800 nm, respectively, as shown in Supporting Information Figure S1 . 16 The 18 B850 bacteriochlorophyll a are strongly coupled, ∼300 cm −1 , resulting in their red-shifted absorption to 850 nm in contrast to the 9 weakly coupled, ∼20 cm −1 , B800 bacteriochlorophyll a that absorb at 800 nm. 17 In addition to the primary absorption of B850 at 850 nm, higher energy excitons exist on the B850 ring. These bands absorb weakly at 800 nm and are known as the B850* states. 18 The B800 and B850 rings are weakly coupled to each other, ∼20−50 cm −1 . 17, 19 Energy transfer from B800 to B850 has been observed with various techniques in isolated LH2 complexes and found to occur with a lifetime of roughly 700 fs. 3,20−26 The foundations of 2DES has been discussed at length elsewhere;
6,27−32 we therefore limit this discussion to a general description of the experimental procedure and interpretation of the data. 2DES is an ultrafast four-wave mixing experiment that produces an echo signal in a unique phase matched direction for noncollinear geometries. The echo is emitted a rephasing time, t, after interaction with three ultrafast laser pulses and heterodyne detected using a fourth pulse known as the local oscillator (LO), allowing both the signal field amplitude and phase to be measured, as shown in the Supporting Information, Figure S2 . Two-dimensional spectra are acquired by systematically scanning the coherence time delay, τ, between the first two pulses. After Fourier transforming over the coherence time, filtering, and apodizing, the resulting frequency-frequency map correlates absorption and emission frequencies. 30 The dynamics of energy transfer are obtained by acquiring two-dimensional spectra at various waiting times.
The GRAPES apparatus encodes the coherence time delay spatially across the sample allowing acquisition of an entire twodimensional spectrum in a single laser pulse, as shown in Figure  1 . 9−11 Here, we present 2DES experiments, each completed in 3.27 s, with 8192 waiting times spaced roughly 0.2 fs apart. The GRAPE apparatus only permits the collection of rephasing or nonrephasing signals for a specific scan and all data collected for this manuscript was rephasing only. 33 The supercontinuum pulse used in these experiments was produced via filament generation in argon gas. The output of a 5 kHz Coherent Legend Elite USP regenerative amplifier seeded by a Coherent Micra Ti:Sapphire oscillator was focused into 2.25 m of argon gas held at 1.3 atm. Filament generation produced a broad spectrum (center = 808 nm fwhm = 70 nm) shown in Supporting Information Figure S1 . The resulting spectrum was compressed using Multiphoton Intrapulse Interference Phase Scan (MIIPS) compressor (Biophotonics Solutions Inc.) to ∼15 fs fwhm. 34 Spectra were acquired using a Phantom Miro M high-speed camera from Vision Research. The camera trigger was synchronized to the output of the regenerative amplifier firing at 5 kHz. An optical chopper modulates pulses 1 and 2 at 2.5 kHz resulting in every other laser shot producing either a complete two-dimensional spectrum or a reference spectrum consisting of only pulses 3 and the LO. The reference spectrum is subtracted from the previous complete two-dimensional spectrum, which was acquired only 200 μs earlier. This fast scatter subtraction minimizes the effect of slow drift in the laser system and improves scatter subtraction capabilities from the conventional scatter subtraction methods outlined by Brixner et al. 30 The waiting time was scanned by moving a motorized linear stage (Aerotech ANT130-L) throughout the duration of the experiment at a constant velocity of 75 μm/s. Incident pulse powers for pulses 1−3 were 420 nJ each at the sample. These powers are significantly higher than conventional 2DES experiments because we encode the coherence time delay by focusing to a line (∼6 mm by ∼60 μm) at the sample rather than to a spot. The resulting energy flux of 115 μJ/cm 2 per pulse is comparable to numerous studies that report similar dynamics and 2DES spectra for LH2; effects due to multiexciton generation are negligible in this regime. 11, 21, 23, 35 The LO was attenuated by an additional 3 orders of magnitude relative to the other pulses.
LH2 complexes were purified from cultures of Rhodobacter sphaeroides in the manner outlined by Frank et al. 36 Samples adequate for spectroscopic analysis required two sequential filtrations through a DEAE-Sephacel column followed by elutions with 500−600 mM NaCl. Samples were subsequently concentrated to produce an optical density of roughly 0.3 at 800 nm in a quartz flow cell (Starna Cells, Inc.) with a path length of 200 μm. Whole cells were first spun down and frozen and then thawed and diluted with their growth media to achieve an optical density also of 0.3 at 800 nm in the same 200 μm fused quartz flow cell.
The possible contributions from scattered light in the phase matched direction as outlined by Brixner et al. are shown in Figure 2A . 30 We isolate the scatter contributions from the signal first by subtraction of the pulse 3 and LO only reference spectrum. Once the reference scatter is removed, we filter in the t domain and the ω T domain to remove the remaining scatter. The in vivo data for all the waiting and rephasing times at τ equal to zero after subtraction of the reference are shown in Figure 2B . The signal, the interferogram between the signal field and the LO field spaced ∼3 ps apart, is well separated in the t domain from the scattered light produced by pulses spaced 0 to ∼1 ps apart. Specifically, the interferograms from pulses 1 and 2 interfering with the signal, pulses 1 and 2 interfering with pulse 3, pulses 1 and 2 interfering with themselves, and the signal homodyne are separable from the signal in this domain. 30 However, the signal cannot be isolated from the scatter contributions arising from pulses 1 and 2 interfering with the LO or pulses 1 and 2 interfering with the signal in the t domain. To filter these scatter contributions from the signal we transform to the ω T domain shown in Figure 2C . These scatter contributions can be removed in this domain because the time difference between interfering electric fields is dependent on T. As the T delay stage moves, pulses 1 and 2 are delayed relative to pulse 3 and the LO. This change in delay causes the electric fields of pulses 1 and 2 to evolve phase relative to pulse 3 and the LO at the optical frequency. This phase evolution is not present in the signal or the scatter Figure 1 . The grape mirror produces a slight angle between the wave fronts of pulses 1 and 2 at the focus, which spatially encodes the coherence time and allows for single shot acquisition of a 2DES spectrum. The inset shows the pulse train at the sample. In the extension of GRAPE presented here, pulses 1 and 2 are modulated together at 2.5 kHz to produce either a reference composed of pulse 3 and the LO only or a complete 2DES interferogram on everyother laser shot. Each laser shot is acquired separately at 5 kHz, while the waiting time stage is moving at a constant velocity of 75 μm/s. The data is saved to the camera RAM and is capable of storing 8192 distinct spectra. contributions, and any dynamics in the signal as a function of T are of a time scale significantly longer than the optical period, ∼2.7 fs for 800 nm light. The signal is therefore low-pass filtered in the ω T domain at 1/2 the optical frequency and then apodized with a Welch window. Filtering in ω T would not be practical without the single shot capability of UVA GRAPES as T must be finely sampled to obtain sufficient separation of the optical frequency from the homodyne signals leading to prohibitively long experiments. Waiting times can be recovered for samples with sufficient scatter from pulses 1 and 2, which was the case for all samples discussed in this publication. The waiting time difference between spectra is determined by the slope of (E 1 + E 2 )E LO * at τ equal to zero, shown in Figure 2B . The zero of waiting time is located at the intercept of (E 1 + E 2 ) E LO and the E s E LO * scatter. We found good agreement with the expected values of the waiting time given the stage settings. Recovered timing data gave a waiting time spacing of 0.198 ± 0.005 fs for a stage setting expected to yield 0.2 fs between spectra.
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Two-dimensional spectra of isolated LH2 complexes (left) and whole cells (right) each at a waiting time of 200 fs are shown in Figure 3 , and a larger sampling of 2D spectra from assorted waiting times are shown in Supporting Information Figures S3 and S4 . The spectra are normalized to the maximum signal intensity of each experiment separately. The two spectra appear qualitatively very similar despite the fact that the whole cell sample produced significant scatter during acquisition (Supporting Information Figure S5 ). The two peaks along the diagonal indicate absorption by the B850 and B800 rings from left to right. The cross peaks indicate electronic coupling as well as energy transfer between the two rings in the case of the lower cross peak. The intensity of the B800 band is significantly greater than that of the B850 band, which is the opposite of what would be expected given the linear absorption spectra. This inflated B800 intensity arises from our excitation spectrum only exciting the blue edge of the B850 band while exciting the entirety of the B800 band.
Waiting time traces through the top diagonal (B800) peak for isolated LH2 and whole cells are shown in Figure 4 . Energy transfer from B800 to B850 dominates the decay of the B800 diagonal peak and the lifetime corresponds to the energy transfer rate. The decays are analyzed starting at 70 fs to avoid the instrument response function, measured using a solvent blank to be ≈35 fs fwhm. The decay of isolated LH2 follows a monoexponential function with a lifetime of 661 ± 21 fs. The whole cell sample shows a similar decay with a lifetime of 692 ± 72 fs; however, the whole cell sample shows an additional rapid decay with a lifetime of 87 ± 58 fs. Complete regression parameters are shown in the Supporting Information Table S1 . The fast decay is likely caused by internal relaxation within the B800 chromophores and may be related to the solvation environment within the lipid membrane. 37 We attribute the long lifetime component to energy transfer from B800 to B850. Our values agree well with known values for the energy transfer Figure 2 . (A) Scatter contributions in addition to the desired signal recorded on the camera in a two-dimensional dimensional electronic spectroscopy experiment. The contributions are color coded to reveal how they are eliminated either by subtraction of a reference signal (blue) or filtering in the t (purple) or ω T (red) domains. (B) A slice at coherence time equal to zero through a waiting time series of 2DES spectra of whole cells. The arcsinh of the data has been computed for display purposes. We can clearly see the separation of the signal from the
Arcsinh of the same Figure 2 . continued data as presented in panel B, except a Fourier transform and magnitude have been computed over both domains. The magnitude was computed for display purposes only and is not performed during actual data analysis. The (E 1 + E 2 )E LO + (E 1 + E 2 )E s scatter contributions oscillate at the optical frequency in T allowing their separation from the signal, which varies slowly in T.
The Journal of Physical Chemistry Letters rate from B800−B850 of 700 fs. 3,20−25 This result shows that energy transfer between rings in LH2 is either insensitive to the surrounding lipid environment or that detergent micelles provide a similar enough environment to the true lipid bilayer that effects on energy transfer between rings are negligible. We also observe significant reduction in intensity of the B850 diagonal peak in the whole cell data as shown in Supporting Information Table S2 and Figure S6 . We expect this peak to be diminished in whole cells due to energy transfer from B850 to LH1; however, we would not expect to observe such an effect within 200 fs. The diminished intensity could be indicative of additional intraband relaxation not present in the detergent micelles. Additional studies are needed to produce definitive conclusions regarding the source of differences in the dynamics of the B850 diagonal peak.
UVA GRAPE permits 2DES experiments in whole cells of Rhodobacter sphaeroides and shows that energy transfer time scales for LH2 in vivo are comparable to time scales for isolated LH2. The technique is largely immune to scatter through fast scatter subtraction and filtering in the ω T domain. Our approach reduces the demands on excitation spectral stability, environmental stability, and sample stability. The ability to achieve high signal-to-noise 2DES spectra of scattering samples such as whole cells in a matter of seconds will enable energy transfer events and photoprotection to be studied in real time and in living organisms.
■ ASSOCIATED CONTENT * S Supporting Information A complete list of regression parameters for the decays of B800 are given as well as supporting figures highlighting the excitation spectrum used, LH2 absorbance, 2DES pulse sequence, and the improvement from filtering in the ω T domain. This material is available free of charge via the Internet at http://pubs.acs.org.
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